The heat shock response, the increased transcription of heat shock genes in response to environmental stress, is mediated by heat shock transcription factor (HSF) (16, 21) . Except in Saccharomyces cerevisiae, HSF is present in unstressed cells in a monomeric, non-DNA-binding form. Upon exposure of cells to stress, HSF undergoes a monomer-to-trimer transition, is phosphorylated, binds to heat shock gene promoters, and activates transcription (1-4, 12, 13, 28, 29, 36, 42, 45, 46, 48) .
This simple paradigm has been complicated by the cloning of multiple, distinct HSF genes from several species: two from humans and mice, and three from chickens and tomatoes (26, 33, (37) (38) (39) . Within each species, the distinct HSF genes encode proteins which are highly conserved in the DNA-binding domain and in a region that encodes heptad repeats of hydrophobic residues and mediates oligomerization of HSF monomers. Aside from these sequences, the multiple HSF genes are highly divergent. The cloning of multiple factors able to recognize the same DNA sequence raised questions as to the respective roles of these factors in the transcriptional regulation of heat shock genes.
To address these questions, antisera specific for HSF1 and HSF2 were used to demonstrate that the heat shock element (HSE)-binding activity induced in mammalian cells exposed to elevated temperatures, heavy metals, or amino acid analogs is composed predominantly of HSF1 (4, 36) . The only reported example of activation of HSF2 DNA binding is during hemininduced differentiation of the human erythroleukemia cell line K562 (41) . Hemin treatment of these cells is accompanied by the appearance of an HSE-binding activity consisting predominantly of HSF2, by occupancy of the HSE of the endogenous hsp70 promoter, and by transcriptional activation of the heat shock genes hsp70 and hsp90 (41) .
Mouse embryonal carcinoma (EC) cells are the only reported examples of mammalian cells that exhibit HSE-binding activity even when maintained at normal physiological temperatures (19) . A variety of studies have shown that the expression of heat shock genes is elevated in EC cells and during specific stages of gametogenesis and embryonic development (6, 15, 20) . The demonstration of a constitutive HSE-binding activity in mouse EC cells raised the speculation that this activity may regulate heat shock gene expression during mouse embryogenesis.
The discovery of a constitutive HSE-binding activity in mouse EC cells, the proposal that this activity may play a role in the elevated synthesis of heat shock genes observed in EC cells, and the identification of two distinct murine HSFs has prompted us to further examine the constitutive activity. We show that in extracts prepared from unstressed F9 and PCC4.aza.R1 EC cells, the HSE-binding activity consists primarily of HSF2. We also demonstrate the presence of a constitutive HSE-binding activity in mouse Gel retardation. Whole-cell extracts were prepared and gel retardation assays were performed as previously described (22) . Briefly, extracts containing 10 p.g of protein were incubated with a 32P-labeled oligonucleotide at room temperature for 20 min. Binding reactions were carried out with either a self-complementary ideal HSE oligonucleotide composed of four perfect inverted NGAAN repeats (36) or a doublestranded oligonucleotide, 5'ACGCGAAACTGCTGGAAGA TTCCTGGCCCCA3', and its complement derived from the proximal HSE of the mouse hsp70.1 promoter (11) . The HSE-containing complexes were analyzed on 4% nondenaturing polyacrylamide gels. Antibody perturbation experiments were performed exactly as described previously; dilutions (1 RI) of rabbit antiserum specific for HSF1 or HSF2 were preincubated with whole-cell extracts for 20 min at room temperature prior to initiation of the binding reactions (36) .
Western blot (immunoblot) analysis. Whole-cell extracts (10 to 20 ,ug of protein) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 8% polyacrylamide gels and transferred to nitrocellulose by using a Bio-Rad semidry transfer apparatus. Western blot analysis using HSF1 and HSF2 antisera was done exactly as described previously (36) except that horseradish peroxidaseconjugated goat anti-rabbit secondary antibody was purchased from Promega and used at a dilution of 1:20,000.
Cross-linking analysis using EGS [ethylene glycol bis(succinimidylsuccinate); Pierce] was performed exactly as described previously (36) . Whole-cell extracts from unstressed and heat shocked cells were treated with 1/10 volume of EGS for 30 min at 22°C. The reactions were quenched by adding glycine to 75 mM and subjected to SDS-PAGE (5% resolving gels) followed by Western blot analysis using HSF1 and HSF2 antisera.
Measurement of transcription rates. Nuclei were isolated as described previously (24) . Briefly, cells were lysed in hypotonic buffer (10 mM Tris [pH 7.4], 5 mM MgCl2, 0.4% Nonidet P-40, 0.5 mM dithiothreitol, 0.3 M sucrose), and nuclei were pelleted through a cushion of the same buffer containing 0.88 M sucrose. Transcription run-on analysis was done as previously described (22) , using 5 x 106 to 1 x 107 nuclei per analysis. The following plasmids were immobilized on filters and hybridized to labeled transcripts: pH 2.3 (human hsp7O [47] ; pUC801 (human hsp89a [10] ); and rat glyceraldehyde-3-phosphate dehydrogenase (8 (23) . Primers for footprinting of the coding strand were derived from noncoding-strand sequences located just downstream of the putative TATA element (11) . The sequence of primer 1 was 5'CTTCGCTTGTCTCTGGATG G3'; the sequence of primer 2 was 5'AGTAGCTGTCAGCGT CTGGTGCCCT3'. The primer used for end labeling had the same sequence as primer 2 but included four additional bases at the 3' end: 5'GCTC3'.
RESULTS
HSF2 is the primary component of the constitutive HSEbinding activity in mouse EC cells. Gel shift assays were performed with whole-cell extracts prepared from unstressed or heat-shocked (43°C, 40 min) cells and a 32P-labeled oligomer corresponding to the proximal HSE of the mouse hsp7O promoter. As previously shown in gel shift assays using consensus HSE oligomers (19) , HSE-binding activity was detected in extracts of unstressed F9 and PCC4.aza.R1 EC cells (Fig.  1A) ; in fact, with the oligonucleotide corresponding to the hsp7O HSE, equivalent levels of HSE-binding activity were detected in extracts of unstressed and heat-shocked EC cells. Consistent with previous reports (19) , however, more HSEbinding activity was apparent after heat shock when a consensus HSE probe was used in the binding reaction (25) . Complex formation with the mouse hsp7O HSE oligonucleotide is specific, since it was abolished by the addition of a 100-fold excess of unlabeled HSE oligomer but not by a mutated version of this oligomer (Fig. 1A) . Constitutive HSE-binding activity was not detected in extracts from a variety of mouse fibroblast and myeloid cell lines ( Fig. 2A) .
A highly reproducible difference was noted in migration of the complexes formed in extracts from unstressed and heatshocked EC cells. The complex from unstressed cells migrated slightly faster than the complex from heat-shocked cells (Fig.  1A) , suggesting that some or all of the components of the HSE-HSF complexes formed in the two extracts might be distinct. To determine the composition of the constitutive HSE-binding activity in F9 EC cells, antibody perturbation assays were performed as described previously (36) , using rabbit antisera specific to HSF1 and HSF2. HSE-binding activity from unstressed F9 EC cells was completely neutralized by the HSF2 antiserum at dilutions of up to 1:50; antiserum specific to HSF1 had significant effects only at a dilution of 1:10, a dilution at which it has been shown previously to cross-react with HSF2 (Fig. 1B , upper panel) (36) . In contrast, the HSF1 antiserum recognized the HSEbinding activity from heat-shocked F9 EC cells, as shown previously for NIH 3T3 and HeLa cells (36) , whereas the HSF2 antiserum had virtually no effect (Fig. 1B, lower the other five cell lines (Fig. 2B, upper panel, 37°C lanes) . PCC4.aza.R1 EC cells contain levels of HSF2 comparable to those in F9 EC cells (25) . These results suggest that constitutive HSE-binding activity is correlated with high levels of HSF2 protein. In addition, the relative abundance of the three closely migrating polypeptides recognized by the HSF2 antiserum is clearly different in F9 EC cells compared with all of the non-EC cell lines (Fig. 2B) (36) . Comparable levels of hsc7O are observed in all of the extracts, indicating that protein degradation or errors in sample loading do not account for the observed differences in HSF2 levels (Fig. 2B, lower panel) .
The results of the antibody perturbation assays (Fig. 1B which do not exhibit constitutive HSE-binding activity (Fig.  2B ). To determine whether the decrease in levels of soluble HSF2 protein after heat shock is due to degradation or conversion of HSF2 into a species which is no longer soluble in the extraction buffer, unstressed and heat-shocked cells were directly solubilized in Laemmli buffer prior to immunoblotting. No differences in HSF2 levels were detected in this experiment (25) , indicating that HSF2 protein is not degraded during heat shock. Furthermore, if the material which is insoluble in whole-cell extract buffer is solubilized and examined by immunoblotting, a much higher proportion of total HSF2 is found in this nonextractable fraction after heat shock (25) . It thus appears that during heat shock, HSF2 is aggregated or sequestered and is therefore not extractable by the high-salt buffer used in the preparation of whole-cell extracts.
HSF2 is trimerized in F9 EC cells. Previous studies have shown that HSF1 is present primarily as a monomer in the unstressed cells of metazoans and is converted to a trimeric, DNA-binding form upon exposure of cells to stress (4, 29, 36, 46) . In contrast, the inactive, non-DNA-binding form of HSF2 present in NIH 3T3 and K562 cells is primarily a dimer (36, 40) . To determine the oligomeric state of HSF2 in unstressed F9 EC cells, whole-cell extracts were cross-linked with EGS and subjected to Western blot analysis using HSF2 antisera as described previously (36) .
Treatment of extracts from unstressed F9 EC cells with increasing concentrations of EGS resulted in the appearance of an approximately 210-kDa complex detected by the HSF2 antiserum (Fig. 3, upper panel) . The size of the HSF2 complex from F9 cells is consistent with that of a trimer. This highermolecular-weight HSF2-containing complex was not detected in cross-linked extracts of unstressed NIH 3T3 cells (25, 36) . Exposure of F9 EC cells to a 40-min, 43°C heat shock resulted in the loss of HSF2 DNA-binding activity (Fig. 1B) whole-cell extracts (Fig. 2B) . Cross-linking analysis demonstrated that the amount of the higher-molecular-weight HSF2-containing complex was also dramatically reduced following heat shock of F9 EC cells (Fig. 3, upper panel) . Pore limit exclusion analysis was also performed with extracts from unstressed and heat-shocked F9 EC and NIH 3T3 cells. HSF2 from F9 EC cells migrates much more slowly than that from NIH 3T3 cells, indicating that it is present in a larger complex, which is consistent with the results of the cross-linking analysis (25) .
Cross-linking analysis demonstrated that HSF1 is a monomer in unstressed F9 EC cells and is converted to a trimer upon exposure of the cells to heat shock (Fig. 3, lower panel) , as demonstrated previously for HSF1 in NIH 3T3 and HeLa cells (36) . The results of pore limit exclusion analysis followed by Western blot analysis using the HSF1 antiserum also indicated that the oligomeric state of HSF1 is identical in F9 and NIH 3T3 cells (25) .
These (Fig. 4) (Fig. 4) . The hsp86 gene was also transcriptionally activated by heat shock in both lines (Fig. 4) . In summary, although it has been previously suggested that the constitutive HSE-binding activity in mouse EC cells might be causally related to high spontaneous expression of certain of the hsp70 and hsp90 heat shock proteins in these cell lines (19) , this does not appear to be the case for the cells examined in this study.
HSF2 in F9 EC cells does not bind to the endogenous hsp7O promoter in vivo, although the promoter is accessible to other transcription factors. The lack of basal hsp7O transcription in unstressed F9 EC cells suggests that despite its ability to bind DNA in a gel shift assay, HSF2 is not bound in vivo to the HSE of the endogenous hsp7O promoter. To address this possibility and to assess the overall accessibility of the hsp7O promoter in F9 EC cells to transcription factors, we performed in vivo genomic footprinting analyses of the hsp7O promoter in unstressed and heat-shocked F9 EC cells. Within the proximal region of the hsp7O promoter, there is a consensus HSE sequence located approximately 70 bases upstream of the TATA element (Fig. 5A) (11) . A set of three primers, derived from bottom-strand sequences just downstream of the putative TATA element, was therefore used to visualize the top-strand DMS methylation patterns in this region of the hsp7O promoter. When DNA isolated from unstressed F9 EC cells was compared with naked DNA, i.e., protein-free genomic DNA which had been methylated in vitro with DMS, the methylation patterns in the HSE region were virtually identical (Fig. 5B) , suggesting that the HSE in the hsp7O promoter is not occupied by protein in unstressed F9 EC cells. However, differences in the methylation patterns at an Spl consensus site located just downstream of the HSE were very apparent when DNA isolated from unstressed cells (or from heat-shocked cells) was compared with naked DNA: three G's of the GGGCGGGG element were protected from methylation, while one G was very hypersensitive to methylation. These results indicate that the proximal hsp7O promoter is accessible to other factors in unstressed F9 EC cells. In DNA isolated from F9 EC cells after a 40-min, 43°C heat shock, a definite change in the methylation pattern in the HSE region was apparent (affected G's are indicated by arrows and asterisks in Fig. 5B promoter. A 100-fold excess of unlabeled oligonucleotide was then added, and at the indicated times (minutes), the mixture was subjected to gel electrophoresis in order to assess the amount of HSF-HSE complex remaining. stressed and heat-shocked F9 EC cells were fractionated, and the nuclear and cytoplasmic fractions assayed for the presence of HSE-binding activity. In both unstressed and heat-shocked F9 EC cells, the HSE-binding activity appears to be exclusively nuclear (Fig. 6A) , eliminating the trivial possibility that HSF2 does not bind to the endogenous hsp7O promoter because it is not present in the nucleus. Immunofluorescence analysis of F9 cells confirmed that HSF2 is localized to the nucleus (25) . We also compared the stabilities of the HSE-containing complexes formed in extracts of unstressed or heat-shocked F9 EC cells. The addition of a 100-fold excess of unlabeled HSE oligomer to preformed complexes caused a slower dissociation of the complex in extracts of unstressed cells than in extracts of heat-shocked cells, indicating that the HSF2-HSE complex formed in vitro is more stable than the HSF1-HSE complex (Fig. 6B) . These data suggest that the differential abilities of HSF1 and HSF2 to bind the endogenous HSE are not the result of HSF2 forming a less stable complex with the HSE. ES cells also contain an HSE-binding activity composed of HSF2. Although F9 cells resemble early mouse embryonic cells in many respects, they are the malignant stem cells of teratocarcinomas. To determine whether the constitutive HSF2 DNA-binding activity in F9 and other EC cells is related to their pluripotent embryonic phenotype, we examined wholecell extracts of embryonic stem cells, which are nontransformed cells derived directly from the inner cell mass. Wholecell extracts prepared from ES cells maintained at 37°C contain abundant HSE-binding activity, and as in EC cells, the complexes migrate differently from those formed in extracts of heat-shocked ES cells (Fig. 7A) . HSF2 is the major component of this activity, as determined in gel shift perturbation assays using antisera specific to HSF1 and HSF2 (Fig. 7B) . In addition, the levels of HSF2 protein in ES cells are comparable to those observed in F9 EC cells (Fig. 7C) . These findings suggest that activated HSF2 may be present in the early mouse embryo itself, a suggestion for which there are already some supporting data (34 (36) .
Our previous Western blot analysis revealed a difference in the relative amounts of the three closely migrating polypeptides recognized by HSF2 antiserum in F9 EC cells and NIH 3T3 cells (36) . The more extensive comparisons carried out in this study suggest that this difference is another characteristic which distinguishes HSF2 in EC and non-EC mouse lines. Furthermore, cross-linking and pore limit exclusion analyses revealed a striking difference in the oligomeric state of the factor in F9 EC and NIH 3T3 cells. In F9 EC cells, the molecular weight of the cross-linked product is suggestive of a trimer, although association of HSF2 with heterologous proteins cannot be ruled out. Purified recombinant mouse HSF2, which exhibits both HSE-binding ability and a weak transcriptional stimulatory activity, and activated HSF2 in hemintreated K562 cells have both also been shown to be trimerized (14, 40) .
The possibility that HSF1 and HSF2 form hetero-oligomers has been raised, based on (17, 27) ; however, whether such cooperation is facilitating efficient binding in vivo of one or both of these factors to the promoter has not been determined. Alternatively, HSF2 in F9 EC cells may be complexed to an inhibitory protein which prevents binding to endogenous HSEs; this association may be disrupted by the high-salt conditions used to prepare the whole-cell extracts. Such inhibitory associations have been proposed to explain other cases in which a DNA-binding activity is detected in vitro but not in vivo (18, 44) .
A final consideration is possible differences in the human and mouse hsp7O promoters themselves. However, the proximal regions of the mouse and human hsp70 promoters are very similar with regard to the nature and arrangement of elements, including the proximal and distal HSEs. Furthermore, the mouse and human proximal HSEs both consist of an array of five pentameric NGAAN sites, where sites 1, 3, and 4 are perfect matches to the NGAAN consensus and sites 2 
